Since the first approval of interferon for the treatment of chronic hepatitis B virus (HBV) infection in 1992, six additional antivirals have been developed: pegylated interferon-alfa2a, and the oral antivirals lamivudine, adefovir, telbivudine, entecavir and tenofovir. The availability of animal models for HBV infection and hepatocyte cell culture led to the discovery and development of oral antivirals targeted at HBV polymerase and reverse transcriptase, which inhibit viral replication. The discovery and development of entecavir, the first oral anti-HBV drug with both potent antiviral activity and a high genetic barrier to resistance, took more than 10 years before it was first approved in the USA. Since then, multiple real-life studies have provided data consistent with the findings of the registration trials and the long-term rollover study in terms of efficacy, resistance, and safety. Data from the long-term follow-up of patients enrolled in the registration studies showed that treatment with entecavir can lead to significant improvements in liver histopathology, and recent cohort studies have demonstrated that treatment with entecavir may reduce disease progression and the development of hepatocellular carcinoma (HCC) in patients with chronic hepatitis B. In addition, real-life studies suggest that entecavir may reduce HCC recurrence and increase survival rates in patients with HBV-related HCC post-surgical resection.
Introduction
Worldwide, 2 billion people are infected with the hepatitis B virus and more than 350 million are currently living with chronic hepatitis B (CHB) infection. Liver cancer and other consequences of CHB, such as cirrhosis and liver failure, cause about 600,000 deaths worldwide each year. 1 Until the approval of interferon-alfa in 1991, there were no treatments available for CHB infection. Interferon is a biologic agent with both antiviral and immunomodulatory properties, and which is given by injection. However, its use is associated with safety and tolerability issues. 2 The first oral antiviral, lamivudine, received US FDA approval for CHB in 1995. Approval for lamivudine was followed by that for adefovir in 2002. However, limited efficacy and the emergence of antiviral resistance proved to be a problem with both agents. 3 Entecavir, an oral antiviral with both a potent antiviral effect and a high genetic barrier to antiviral resistance development, was approved by the FDA in the USA in 2005, followed by the healthcare regulators in Europe, Japan, China, and subsequently many other countries. It has now been approved in more than 70 countries worldwide, and is a first-line treatment choice recommended by all the major treatment guidelines for nucleoside-naive adult patients with CHB.
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Discovery
On January 13, 1995, researchers from Bristol-Myers Squibb (BMS) discovered a compound showing a high potency against HBV, more potent than any previously tested drug. Investigated earlier for herpes simplex virus (HSV), the development of the compound, designated SQ-34676, had been left dormant because it showed little efficacy against HSV. However, when the compound was screened for antiviral activity against HBV, a new purpose was found. The compound was then developed as an antiviral for CHB, and became known as BMS 200475, and later, as entecavir.
BMS has investigated nucleoside analogs as antiviral treatments for infections such as HSV, human immunodeficiency virus (HIV), HBV, and more recently, hepatitis C virus. The initial focus was to design alternatives to the 29-deoxyribose portion of the natural nucleosides. It so happened that most of the alternatives to the ribose moiety were inactive compounds. However, placing nucleobases such as guanine and pseudo-49-CH 2 OH in positions similar to those found in lobucavir led to the discovery of entecavir (Fig. 1) , which demonstrated potent HBV inhibitory activity with a half maximal effective concentration (EC 50 ) of 0.003 umol/L. interfere with human genomic or non-genomic (mitochondrial) DNA replication.
Potential effects on mitochondrial function, investigated using primer extension assays, showed that entecavir does not inhibit mitochondrial DNA polymerase c, and that the polymerase exhibits a strong preference for the natural substrate deoxyguanosine triphosphate, even in the presence of high concentrations of entecavir. In HepG2 cells, no effects on mitochondrial DNA levels or on the production of key mitochondrial proteins were observed. Collectively, these results suggest that entecavir has little or no potential for mitochondrial toxicity. [9] [10] Extensive in vivo evaluations to assess potential toxicity were conducted in mice, rats, dogs, and monkeys. In lifetime carcinogenicity studies, mice were administered entecavir at doses of up to 75 times (for the 0.5 mg dose) and 42 times (for the 1.0 mg dose) the doses used for human clinical exposures. Male rats were exposed to entecavir at levels of up to 62 times (0.5 mg dose) and 35 times (1.0 mg dose) human clinical exposures, while female rats were exposed to levels up to 43 times (0.5 mg) and 24 times (1.0 mg) human clinical exposures.
In some of those carcinogenicity studies, increased incidences of tumors were observed. These tumors presented in two major distinct patterns: lung tumors that were limited to mice and high-dose tumors in both mice and rats. Lung tumors in mice occurred at low exposure multiples (five times and three times the human exposure for the 0.5 mg and 1.0 mg dose, respectively) and resulted from early preneoplastic changes in the lung that were not observed in any other species. All other tumors were seen only at higher exposures. For these high dose-induced tumors, there were no pre-neoplastic or other relevant histopathologic changes observed in the affected tissues.
Genetic toxicology tests showed that, as expected for a nucleoside analog, entecavir was clastogenic in human lymphocytes at high cytotoxic concentrations (10,000 times higher than the EC 50 for HBV in human liver HepG2 cells). However, it was negative in all other tests, suggesting that tumor findings in rodents following lifetime exposure to entecavir did not result from direct DNA damage.
The basis for the increased incidence of lung tumors in mice was investigated, and the findings showed that the tumors arose from sustained proliferation of type II pneumocytes. Of note, the strain of mice used in the studies (CD-1) has been reported to have a genetic predisposition to the spontaneous development of lung tumors that are thought to arise primarily from type II pneumocytes. Entecavir induced hyperplasia of type II pneumocytes in the absence of cytotoxicity. A novel mechanism involving recruitment of alveolar macrophages into the mouse lung -a chemotactic effect on mouse monocytes mediated by chemokine receptor 2 (CCR2) -was directly associated with and shown to be required for proliferation of type II pneumocytes. Additionally, the entecavir-induced changes observed in mouse lung were species-specific. No lung tumors were noted in rat carcinogenicity studies, and entecavir was found not to be a potent chemoattractant for rat macrophages. Monkeys administered entecavir at doses o100 times the human exposure at the 1.0 mg dose daily for 1 year showed no histopathologic changes in the lung. Most importantly, studies showed that entecavir is not chemotactic for human monocytes even at concentrations as high as 6,000 nmol/L. Overall, recruitment of macrophages into the mouse lung is required for tumor development in mice, is specific to mice, and is not predictive of a similar effect in other species, including humans. Interspecies differences in CCR2 receptors appear to determine differences in the chemotactic activity of entecavir across species.
Tumors at sites other than the mouse lung, observed only at the highest evaluated doses of entecavir, were not associated with early histopathologic changes. A possible mechanism behind the development of these tumors is the potential of entecavir to perturbing intracellular deoxynucleotide triphosphate (dNTP) pools. Because entecavir is a nucleoside analog requiring phosphorylation for antiviral activity, extremely high concentrations might result in imbalances in dNTP pools. It is generally recognized that balanced pools of dNTPs (dATP, dGTP, dCTP, and dTTP) are essential for DNA synthesis and repair, and perturbations in dNTP pools are associated with various adverse effects, including tumor promotion.
In vivo studies showed that severe dNTP pool imbalances in hepatocytes isolated from mice and rats administered entecavir arose only at doses at which liver tumors were observed (4 mg/kg for mice, 2.6 mg/kg for rats). Levels of dGTP were decreased and dATP increased. Further studies with entecavir showed that the carcinogenic doses in rodents were associated with entecavir triphosphate concentrations exceeding 300 nmol/L in hepatocytes. Thus, it appears that the tumors observed at high doses of entecavir may result from dNTP pool disruptions that occur once a critical level of entecavir triphosphate is reached, and the fidelity of DNA replication and repair is impaired. The requirement for a threshold level for dNTP pool perturbation correlates with the observation that all entecavir-induced tumors were observed only at the highest doses tested.
Overall, the investigations into the rodent tumor findings from pre-clinical carcinogenicity testing of entecavir showed that the observed tumors in rodents are unlikely to be relevant to human safety. Indeed, to date, no increase in human malignancies associated with entecavir (or any nucleoside) has been observed in clinical trials or post-marketing studies. Several animal models were utilized to test the compound for antiviral efficacy. Research at the time, suggested that woodchucks chronically infected with woodchuck hepatitis virus (WHV) would be a good model for studying HBV antiviral agents. However, few pharmaceutical companies had used the model for such evaluations.
An initial dose-ranging study in woodchucks chronically infected with WHV found that 0.1 and 0.5 mg/kg/day of entecavir reduced circulating WHV DNA by 3 log 10 at week 4. Subsequent testing using a more sensitive PCR method revealed that entecavir 0.1 mg/kg/day achieved a 7 log 10 reduction in serum WHV DNA to undetectable levels within 4 weeks in all animals. Compared with lamivudine, entecavirtreated animals had significantly greater reduction in hepatic covalently closed circular DNA after 4 weeks of entecavir therapy, with virus in several animals reaching undetectable levels over the course of 12 weeks of treatment. 10 The results of these studies triggered great interest in the drug. A long-term study in woodchucks was conducted, in which entecavir 0.5 mg/kg/day was given daily for 8 weeks, followed by an off-treatment period in one group. This was compared to groups treated with a weekly dose of 0.5 mg/kg/ day for 12 months (total treatment: 14 months) or for 28 months (total treatment: 36 months). Within 1-8 weeks, the virus rebounded in the animals withdrawn from the initial 8 weeks of treatment. However, 36 months of therapy achieved sustained viral suppression through the end of the study (5 months off therapy). In addition, entecavir therapy greatly improved the incidence of HCC and survival time compared with historic controls. [11] [12] Similar results were observed in the duck hepatitis B virus (DHBV)-infected Pekin duck model. [13] [14] [15] In the transgenic mouse model, entecavir given at various doses from 0.0032 to 3.2 mg/kg/day for 10 days resulted in a significant reduction in hepatic HBV DNA, whereas expression of HBV proteins from the transgene was not affected. 16 In reproductive toxicology studies, animals were given entecavir at dosages up to 30 mg/kg for o4 weeks; no evidence of impaired fertility was observed in either male or female rats at exposures greater than 90 times those seen in humans at the highest recommended dose of 1 mg/day. In rodents and dogs, seminiferous tubular degeneration was observed at exposures o35 times those achieved in humans. In monkeys, no testicular changes were evident. 9 
Clinical development
The encouraging results from the pre-clinical studies helped the program to move into clinical development. After phase I-II studies from the late 1990s, phase III studies began in late 2001.
Phase I safety and efficacy
A few phase I single and multiple dose-ranging pharmacokinetic studies were conducted in subjects with or without CHB, and in subjects with hepatic or renal impairment. These studies demonstrated that entecavir was absorbed rapidly with peak plasma concentration (C max ) occurring between 0.5 and 1.5 hours after oral dosing. 17 With 6-10 days of oncedaily oral administration, a steady state was achieved. The C max and area under the curve (AUC) increased in proportion to the dose. For the 0.5 mg and 1 mg oral dose, the C max at steady state levels were 4.2 ng/mL and 8.2 ng/mL respectively, while the trough plasma concentrations (C trough ) were 0.3 ng/mL and 0.5 ng/mL, respectively. 9, [17] [18] The bioavailability of the tablet was 100% relative to the oral solution in healthy subjects. Food delayed the absorption of entecavir by 0.25-0.75 hours, and decreased C max by 44-46%, and AUC by 18-20%. The estimated apparent volume of distribution was 4,000-8,000 L, which is in excess of the total body water, suggesting that entecavir is extensively distributed in the tissues. 9, 18 Binding of entecavir to human plasma proteins in vitro was approximately 13%.
Early studies showed that entecavir is not a substrate, inhibitor, or inducer of the cytochrome P 450 (CYP450) enzyme system. 20 In drug-drug interaction studies, the steady-state pharmacokinetics of entecavir co-administered with lamivudine, adefovir, or tenofovir were not altered. 19 Similarly, entecavir pharmacokinetics were not altered in patients with HIV-HBV co-infection who received entecavir in addition to highly active antiretroviral therapy. 20 Entecavir is eliminated predominately by the kidneys with 62-73% of the administered dose recovered unchanged from urine in healthy subjects. 17 Studies of renal clearance suggested that entecavir undergoes both glomerular filtration and net tubular secretion. The renal clearance of entecavir is independent of dose, and ranges from 360 to 471 mL/ min. 9, 18 Entecavir has a long terminal elimination half-life of approximately 128-149 hours. With once-daily dosing, the observed drug accumulation index is approximately two-fold, suggesting an effective accumulation half-life of approximately 24 hours, allowing for once-daily administration of the approved doses. 17 In special populations, reduced renal function leads to the accumulation of entecavir. Therefore, dose adjustment is recommended for all patients with creatinine clearances ,50 mL/min. However, in patients with hepatic impairment, no dose adjustment is required. 21 In elderly subjects (o65 years old), the entecavir AUC was increased by 29% compared with younger subjects (18-40 years old). This is probably due to differences in renal function. 22 Therefore, the entecavir dose should be adjusted according to renal creatinine clearance. 9, 18 There are no significant entecavir pharmacokinetic differences related to gender or race.
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Phase II-III efficacy and safety
The efficacy and safety of entecavir for the treatment of adult CHB was assessed in several randomized, double-blind, worldwide phase II and III clinical trials in both nucleosidenaive and lamivudine-refractory patients. Separate registration studies were conducted in Japan and China.
Phase II dose-ranging studies were conducted in both naive (0.1 and 0.5 mg) and lamivudine-refractory (0.5 and 1.0 mg) patients comparing entecavir with lamivudine (100 mg) for 24weeks. Lamivudine-refractory patients were defined as those who remained viremic after at least 24 weeks of lamivudine therapy, or had documented lamivudineresistance substitutions. In both naive and lamivudinerefractory patients, daily treatment with entecavir was superior to lamivudine in reducing HBV DNA at weeks 22 and 24. [23] [24] In naive CHB patients, 0.5 mg entecavir was superior to 0.1 mg in reducing HBV DNA, 25 while in lamivudine-refractory patients, 1.0 mg entecavir was superior to 0.5 mg in HBV DNA reduction. 24 In AI463022, a phase III study with 709 nucleoside-naïve, hepatitis B e antigen (HBeAg)-positive patients with CHB with Tang H. et al: The discovery and development of entecavir high baseline HBV DNA (mean HBV DNA: 9.66 log 10 copies/ mL) and elevated alanine amino transferase (ALT) (mean ALT: 143 U/L), entecavir was superior to lamivudine for the primary endpoint of histologic improvement (p,0.001) at Week 48. Entecavir was also superior to lamivudine for mean HBV DNA reduction (26.9 vs 25.4 log 10 copies/mL; p,0.001), proportion of patients with HBV DNA ,300 copies/mL by PCR assay (67% vs 36%; p,0.001, Fig. 2 ) and ALT normalization (68% vs 60%; p,0.001). 26 The HBeAg seroconversion rate was 21% among the entecavirtreated patients vs 18% in those treated with lamivudine. The safety profile of entecavir was similar to lamivudine. For patients treated in Year 2, the cumulative confirmed proportions of patients with HBV DNA ,300 copies/mL and ALT normalization were 80% and 87% for entecavir-treated patients compared with 39% and 79% for lamivudinetreated patients, respectively (p,0.001 and p50.0056, respectively). The cumulative rates of HBeAg seroconversion and hepatitis B surface antigen (HBsAg) loss were 31% and 5% for entecavir, and 25% and 3%, respectively for lamivudine (Fig. 3) . 27 A phase III study AI463027 evaluated 638 nucleosidenaive, HBeAg-negative patients with CHB treated with either entecavir or lamivudine. Histologic improvement after 48 weeks of treatment occurred in 70% and 60% of entecavirtreated and lamivudine-treated patients, respectively (p50.01). 28 The mean HBV DNA reduction was 25.0 log 10 copies for patients treated with entecavir, and 24.5 log 10 copies for lamivudine (p,0.001). For entecavir-treated and lamivudine-treated patients, the proportions of patients achieving HBV DNA levels of ,300 copies/mL were 90% and 72%, respectively (p,0.001, Fig. 4) , and the proportions achieving ALT normalization were 78% and 71% (p50.045). Safety profiles were comparable between the entecavir and lamivudine arms. Because of the study design, only a small number of patients continued blinded treatment in the second year.
In lamivudine-refractory patients, a phase III randomized controlled study of entecavir 1.0 mg vs continued lamivudine 100 mg daily demonstrated superior histologic, virologic, and biochemical response in entecavir-treated patients at Week 48. 29 Mean HBV DNA reduction from baseline was 25.11 log 10 copies/mL for entecavir-treated patients compared with 20.48 log 10 copies/mL for lamivudine-treated patients (p,0.0001). HBeAg seroconversion was achieved by 11% of entecavir-treated patients and 4% of lamivudine-treated patients. The safety profiles of entecavir and lamivudine in this lamivudine-refractory population were comparable.
All patients from entecavir phase III studies were eligible for enrollment into a long-term rollover study in which they received entecavir 1.0 mg once daily for up to 7 years. After 5 years of entecavir therapy, 94% of patients achieved HBV DNA levels of , 300 copies/mL by PCR assay, and 80% had ALT , 16 the upper limit of normal (ULN.) 30 The safety profile of entecavir in this long-term cohort study was consistent with the results of the phase III trials. In a cohort of patients who underwent liver biopsy in the rollover study, there was improvement of necroinflammation in 96% of patients and improvement in Ishak fibrosis scores in 88% of patients (Fig. 5 ). Ten patients with advanced fibrosis or cirrhosis (Ishak fibrosis score 4-6) at baseline all showed improvement in Ishak fibrosis score. 31 Safety analysis of more than 1000 patients in the long-term rollover study demonstrated that entecavir is well tolerated, with f 5% adverse events potentially associated with the nucleoside/nucleotide analog. 32 There were 12 patients with confirmed creatinine increases .0.5 mg/dL. Of these, 10 had at least one known renal risk factor: 5 patients had diabetes mellitus, 4 had hypertension, 2 had glomerulonephritis, 1 had metastatic gastric carcinoma with ureteral obstruction, and 1 had decompensated cirrhosis with sepsis. In two patients with no known risk factors, the increase in creatinine was transient, with follow-up values returning to within normal ranges. The renal safety results of entecavir observed in the long-term rollover study are consistent with the observations in the phase III studies (only 1% of patients had increase in serum creatinine). No cases of lactic acidosis were observed. A similar safety profile for entecavir was observed in HIV-HBV co-infected patients in study AI463038 in the placebo arm and in non-HIV infected subjects; there were no cases of lactic acidosis. 9 In China, phase III studies demonstrated similar results to those observed in the global registration studies in both nucleoside-naive and lamivudine-refractory patients. [33] [34] [35] In Japan, similar efficacy and safety results were observed to those in the global studies from three phase II bridging studies in nucleoside-naive and lamivudinerefractory patients. 25, [36] [37] In the Japanese long-term rollover study, patients who received 0.5 or 1.0 mg in the phase II studies continued the same dosage schedules depending on whether they entered from nucleoside-naive or lamivudine-refractory studies. Of the 58 nucleoside-naive patients who received 3 years of entecavir therapy at a dose of 0.5 mg, 83% achieved HBV DNA levels of ,400 copies/mL, 88% had ALT normalization, and 20% achieved HBe seroconversion. 38 In a subset of patients with evaluable longterm biopsies (n519), 100% demonstrated improvement in Knodell necroinflammatory score, and 63% had improvement in fibrosis at year 3. The safety profile of entecavir during long-term treatment was consistent with that observed during the phase II studies.
The entecavir-resistance program included patients from six phase II and III clinical studies. Genotypic resistance was assessed in all patients at baseline, and in patients with detectable HBV DNA (.300 copies/mL) at the end of each year of therapy or during virologic breakthrough while on treatment (confirmed o 1 log 10 increase in HBV DNA from nadir) in the worldwide entecavir phase II and III clinical trials, and the long-term rollover study. The reverse transcriptase (RT) domain of the HBV polymerase was amplified by PCR, and the products were directly sequenced. 39 Emerging amino acid substitutions in conserved residues of the RT during entecavir treatment were tested for phenotypic resistance to entecavir. Paired samples from baseline and during breakthrough were included for phenotypic assays.
In nucleoside-naive patients, the cumulative probability of developing genotypic entecavir resistance (rtT184, rtS202, or rtM250) in the presence of lamivudine-resistance substitutions (rtM204 and rtL180M) was 1.2% through 6 years of therapy (Fig. 6) . 40 A high barrier to resistance was maintained during long-term entecavir therapy in nucleosidenaive patients. This is probably due to the potent antiviral effect of entecavir; its high genetic barrier to resistance, which requires multiple mutations for resistance development; and impaired replication of the entecavir-resistance variants. During the 6-year trial, entecavir substitutions were detected in only three nucleoside-naive patients (3 out of 663) and one of these had pre-existing lamivudine resistance at baseline. 40 In lamivudine-refractory patients, the cumulative probability of developing genotypic entecavir resistance was 57% through 6 years of therapy. A reduced barrier to resistance was observed, as the lamivudineresistance mutations required for development of entecavir resistance already existed in this population. 40 The registration studies in Japan support the low rate of resistance among nucleoside-naive patients. Among those who received 0.5 mg entecavir once daily for 3 years, the cumulative probability of entecavir resistance was 1.7%, 41 and among the lamivudine-refractory patients treated with entecavir 1.0 mg once daily for 3 years, the cumulative probability of genotypic entecavir resistance was 33%. 42 In study AI463048, a phase IIIb study of entecavir versus adefovir in decompensated cirrhosis, entecavir demonstrated superior virologic and biochemical responses to adefovir. Entecavir was well tolerated, and the safety results were comparable between the two treatment groups. 9 The safety and efficacy of entecavir in liver transplant recipients were assessed in a single-arm, open-label trial in 65 subjects with CHB. None developed HBV viral recurrence (HBV DNA values o50 IU/mL) while receiving entecavir with or without hepatitis B immunoglobulin. All evaluable subjects (n561) lost HBsAg post-transplant; 2 of these subjects experienced HBsAg recurrence without HBV viral recurrence. 9 Multiple real-life studies have provided data consistent with the findings of the registration trials and the long-term rollover study in terms of efficacy, safety, and tolerability. In addition, resistance rates among nucleoside-naïve patients in real-life studies have reflected those in the registrationtrials. [43] [44] [45] According to international guidelines, the goal of therapy for CHB is to improve quality of life and survival by preventing progression of the disease to cirrhosis, end-stage liver disease, hepatocellular carcinoma (HCC), and death. [4] [5] [6] Recently, a number of real-life cohort studies have demonstrated that treatment with entecavir may reduce disease progression and the incidence of HCC in patients with CHB. [46] [47] In addition, real-life studies suggest that entecavir may reduce HCC recurrence and survival rate in patients with CHB with HCC after surgical resection.
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Conclusions
Three key factors contributed to the success of entecavir research and development: the exploration of entecavir in various viral infections (including HBV); innovative animal models which transformed the pre-clinical study of HBV; Fig. 6 . Cumulative probability of entecavir resistance (rtT184, rtS202, or rtM250) in the presence of lamivudine-resistance mutations (rtM204 and rtL180M) among nucleoside-naive hepatis Be antigen (HBeAg)-positive and HBeAg-negative patients during 6 years of treatment.
multiple worldwide registration trials and separate registration studies in Japan and China, which made access to entecavir possible to people living with CHB not only in the Asia-Pacific region where HBV is endemic, but in many other countries around the world. Since the first approval of entecavir in 2005, many ''real-life'' cohort studies have replicated the results of the registration trials, with recent studies showing that treatment with entecavir can reduce the risk of developing hepatocellular carcinoma, and HCC recurrence following surgical resection of the tumors.
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